Custom-made cranial implants facilitate the surgical reconstruction of destructive pathologies of the skull or extensive demolitive skull surgery. Customized cranioplasty allows for an immediate restoration of the functional integrity of the cranial defect (restitutio ad integrum), with excellent functional and esthetic outcome and a quick, safe, and simple procedure. In this context, bioceramics like hydroxyapatite (HA) claim high biocompatibility and bone-binding capability. The osteoconductive properties of the HA have been reported in animal models and humans. The purpose of this study is to demonstrate with radiological and histological examination and how HA prosthesis may integrate after their implantation showing data related to five patients that needed primary HA cranial reconstruction with secondary removal after few years. The histological examination showed neo-formed lamellar/trabecular bone tissue fragments accompanied by the amorphous reticular tissue (HA prosthesis) revealing diffuse ossification sites in all included cases. How to cite this article: Bruno Z, Angelo N, Riccardo S, Nicola Z, Stefano P, Camillo PP, et al. Custom-made hydroxyapatite cranioplasty: Radiological and histological evidence of bonebiomaterial osteointegration in five patients. Asian J Neurosurg
Introduction
Cranial reconstruction or cranioplasty is a complex and very important surgical procedure aimed to restore the integrity of the skull after bone flap removal. [1] [2] [3] The use of autologous graft as well as alloplastic or combined materials is suitable for cranial defects reconstruction caused by traumas, vascular diseases, congenital malformations, and tumors. Alloplastic materials are usually preferred in case of complex cranial reconstructions, revision surgery for infection, tumor relapse, or autologous bone reabsorption. [3] [4] [5] [6] [7] High-quality synthetic materials and custom-made implants are progressively chosen in an increasing number of cases. Custom-made cranial implants, for instance, may facilitate the surgical reconstruction of the skull with less morbidity and faster patient recovery. [8] Graft integration is one of the main goals of cranial reconstruction, and biomimetic materials with porous or trabecular structure can allow osteoconduction, with promotion of osteoblastic migration across the prosthesis, as shown in vitro studies. [9] Among alloplastic materials, bioceramics such as microporous and macroporous hydroxyapatite (HA) have been extensively used as a bone-graft substitute because the crystalline phase of HA is similar to the mineral bone component.
HA is a biocompatible material and the high porosity of its structure promotes cell homing colonization and proliferation, resulting in new bone formation and device integration in vitro. [9] The osteoconductive properties of the HA have been investigated also in animal models, but only a few cases of histological analysis have been reported on humans. [9] [10] [11] We retrospectively analyzed the data related to five patients who underwent HA cranial reconstruction with secondary prosthesis removal after a few years. The implants were removed for tumor relapse (in three patients) or for infection (one patient). In one case, a bone-graft interface biopsy was performed. Each sample was subsequently microscopically analyzed with the primary aim to define the diagnosis of tumor relapse or infection, but at the same time, it was possible to show the bone tissue growth inside the prosthesis.
Patients' history
A review of existing clinical data with patient identifiers removed was performed. Our Institutional Ethics Committee approved the study design. Written informed consent was obtained from all the patients in the study or from their legal guardian.
Clinical, radiological, and histopathological data of all patients were retrospectively collected.
Each patient underwent HA cranial reconstruction after skull infiltrating meningioma excision (three patients), traumatic brain injury (one patient), and Aplasia cutis congenita with thecal involvement (one patient).
Each patient received custom-made porous HA device. The chemical composition of each prosthesis was CA 10 (PO4) 6 (OH) 2 -Ca/P di 1.67. A layer of synthetic dura mater was applied under each implant during the reconstruction procedure.
Each patient received regular follow-up visits with radiological investigations (computed tomography [CT] scan or magnetic resonance imaging [MRI]) when necessary.
The prosthesis has been removed for tumor recurrence (three patients) or for infection (1 case). In one case, the prosthesis was not removed, and a biopsy on bone-graft interface was performed for the development of a suspect neoformed irregularity (scar retraction). Prosthesis was removed after a mean of 59.4 months from implant surgery.
A CT scan with bone window was performed in each patient. A sample of HA prosthesis were histologically analyzed, and the possible evidence of fusion or osteointegration have been researched.
The biopsy was performed at the peripheral margins of the cranioplasty in two of the patients and in three patients at 3-7 cm from the margins' periphery.
No signs of metabolic diseases or allergies were collected in each patient. No medical therapies that could have interacted with the histological tests were used. No stem cell preparations, growth factors, or platelets had been used in the tests.
Relevant data regarding the five selected case studies are shown in Table 1 .
Radiological examination
A CT scan with the bone window was performed in each patient. Any signs of bone-implant interface fusion or integration were collected.
Standard acquisition features include helical acquisition, 280 mA, 120 kV, step 0.9 pipe speed 0.8 and dose-length product (DLP) of about 800 mGy cm. The CT images were cut with a thickness of 0.6 mm, aiming at generating a multiplanar reconstruction.
The Hounsfield unit scale was employed to define the ossification degree of the implant in each patient. The perimeter's continuity between bone and cranioplasty was evaluated using the bone window within a WL 300-350 and WW 1500-2000 range.
Histological analysis
Each sample has been fixed it in 10% buffered formalin, and then, it was decalcificated. Decalcification procedure was conducted by placing the specimen in the proper amount of decalcifying solution, which was composed of formic acid (99%) diluted in distilled water until 6% of final concentration and hydrochloric acid (37%) diluted in distilled water until 4.8% of final concentration and buffered with sodium citrate. The solution was changed on a regular basis (pH 7.5) over the following 50 days period after which the decalcification process could be considered complete.
Formalin-fixed paraffin-embedded tissue blocks were prepared, and sections were sliced on 4 µm of thickness and stained with hematoxylin and eosin (H and E) for routine histopathological examination.
Cases results description
Between 2004 and 2015, five patients (four males and one female; average age: 60 years old) with custom-made porous HA cranioplasty devices were explanted and underwent a surgical prosthesis sample examination after an average period of 59.4 months. All the examined cranioplasties came across as large >100 cm 2 .
The CT scan with bone window performed at the last FU showed a continuous perimeter in the bone-cranioplasty interface in all cases. The following histological examination showed neoformed lamellar/trabecular bone tissue fragments that, accompanied by amorphous reticular tissue, revealed diffuse ossification sites in all cases.
Illustrative case
A 65-year-old male patient underwent one-stage cranial demolition reconstruction for an atypical left frontotemporoparietal meningioma with skull infiltration. A custom-made prosthesis of HA (252.34 cm 2 ) was implanted. A histopathological sampling of the lesion revealed an atypical meningothelial meningioma with a diffuse dural invasion. Proliferation index (Mib-1/Ki67): 8%.
One and 4 years after surgery, the patient received CyberKnife radiosurgery because of a relapse of the lesion on the same site.
Eighty-five months after the first treatment, MRI showed tumor progression into the residual temporal bone.
Despite preoperative CT scan showed the signs of bone-prosthesis fusion, a second surgery with HAP implant removal was required. At microscopical examination, Frassanito et al. showed evidence of a neo-formed bone that was still lacking a lamellar organization. [15] In all of our described five cases, the histological examination of the prosthesis-bone interface showed fibrous and sclerotic tissue, calcium aggregates, and amorphous material, surrounded by a sclerotic shell of lamellar material.
In our patients, probably because of the long duration between reconstruction surgery and prosthesis removal (more than 1 year), lamellar organization was observed in each sample.
Although some authors described a prevalent HA integration at the proximity of the bone/implant interface, [10, 16] other authors showed that osteointegration can also occur at a certain distance from the edges of the prosthesis in HA. [17] In three patients of the present series, the sample was taken at 3 and 7 cm away from the margins. In these samples away from interface bone implant, island of lamellar bone integrated with amorphous alveolar-lamellar material was noted. Therefore, osteointegration can also occur at a certain distance from the edges.
With the purpose to show HA implants osteointegration, the histological specimen should be prepared avoiding decalcification because an energetic decalcification of the samples can remove the HA. [9] In choosing the optimal method required to diagnose tumor relapse or infectious disease, each sample of our patients was instead decalcified.
Even if HA crystals can be dissolved out during decalcification process, in our population, we obtained a good demonstration and evidence of HA integration, observing that the planar/lamellar scaffold of the prostheses remains negative, and therefore, visible.
Surrounding tissues with their biological properties may play an important role to achieve osteointegration. It has been described the presence of new bone formation in the inner surface of HA cranial prosthesis, where it was in contact with the autologous dura mater. [18] The new bone Intraoperative macroscopical implant showed signs of bone adhesion and fusion near the edges.
Histological examination showed an amorphous matrix containing a lamellar structure with neoformed bone lamellar tissue and meningiomatous neoplastic tissue [ Figure 1 -H and E, ×10].
Seven years after the first surgery, the patient underwent stereotactic radiosurgery due to a new meningioma relapse with 7 Gy/die fractions and up to 21 Gy total. During the clinical course of the treatment, the patient developed epilepsy with focal seizure.
Discussion
HA implants have demonstrated their ability to recolonize the bone in cranial and maxillofacial reconstruction. [12] Among alloplastic materials, macroporous hydroxyapatite is characterized by the presence of micro, macro, and interconnecting pores, mimicking the structure of the living bone.
Custom-made high porosity HA prosthesis implants are characterized by the pores of various size (ranges from 5 to 600 µm) aimed to promote osteoconductivity with osteoblastic migration across the prosthesis and bone formation with consequent osteointegration. [13] This peculiar property allows the new bone to grow not only on the surface of the scaffold but also within its internal structure, thus improving the biomechanical properties of the implant. [14] Although these properties have been studied in vitro, only a few cases of histological osteointegration between the prosthesis and autologous bone were observed in humans. [8, 10] Experiments in animals [11] and the clinical results of some human explants [10] have revealed that osteoblast migration to the scaffold occurs 4-8 months after the implant, with a good perimetric osteointegration. formation was described both at the margins of the HA plate (in direct contact with the skull) that in noncontact areas such as the HA plate vault and inside the pores. [18] In 2016, Ono et al. [19] observed new bone formation in vivo after cranioplasty in two patients. Histological findings displayed the evidence of new bone formation not only on the margin of the implant, in direct contact with the skull, but also noncontact areas such as the implant vault or inside the pores away from the surrounding tissues.
In our series, a layer of synthetic dura mater was applied under each HA prosthesis. Therefore, the observation of osteoinduction distant from the edges does not depend only on ostoconductive proprieties of the dura layer.
According to the related literature, as histological examination is not always possible, the CT scan with bone-viewing windows is a primary diagnostic tool for the evaluation of the osteointegration between the HA and the surrounding bone. [20, 21] In a recent comparative study by Moles et al., which examined autologous and HA custom-made prosthesis in 100 patients, the authors reported that 51% of custom-bone HA prosthesis presented no signs of bone fusion at CT scan. [20] In our study, the use of CT scan with bone viewing helped to show the level of osteointegration between the HAP and the surrounding bone.
Nevertheless, this technique has been criticized, particularly in regard to the changes in the visibility of the prosthesis/bone continuity, including even small variations in bone window range. As we previously mentioned, the simplest and most widespread means of evaluation of an implant osteointegration is cranial CT scan with bone windows. One of the limitations of this technique is that even a slight variation of the viewing windows may change the perception of the osteointegration degree. Therefore, it is actually the histological examination procedure that proves to be decisive in this regard (when its execution is possible, of course). [22] 
Conclusions
In recent years and according to related literature, macroporous custom-bone HA prosthesis has shown good clinical results in cranial and craniofacial reconstruction. The osteoconductive properties of the HA have been reported both in animal models and humans. The CT scan with bone-viewing window and the histological examination of our sample had demonstrated that osteointegration occurs between the prosthesis and the surrounding bone and in areas located far from the prosthesis' margins. Variations in bone window range or the presence of infection or fluid collection can limit the sensibility of the radiological procedure.
Therefore, histological evaluation is decisive to confirm the activation of osteointegration process, but it is not always possible.
In the event that a sample of implanted HA has to be analyzed, it is important to carefully consider the primary reason that leads to biopsy. The possibility to demonstrate device osteointegration represents only a resource to obtain additional information on its biocompatibility and biomechanical properties.
Moreover, we obtain an optimal resolution of the bone/biomaterials interface, even if the decalcification technique was adopted.
Autologous surrounding tissues like autologous dura mater may improve osteoinduction process. When its integrity is lack, the use of a substitute of synthetic dura mater ensures adequate biomechanical protection of the brain without osteointegration process inhibition.
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